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Abstract Latest studies on the chemical association of 
trace elements to large biomolecules and their importance 
on the bioinoiganic and clinical fields are examined. The 
complexity of flie speciation of metal-biomolecules asso- 
ciations in various biological fluids is stressed. Analytical 
strategies to tackle speciation analysis and the-state-of-the- 
art of the instrumentation employed for this purpose are 
critically reviewed. Hyphenated techniques based on cou- 
pling chromatographic separation techniques with ICP-MS 
detection are now established as the most realistic and po* 
tent analytical tools available for real-life speciation analy- 
sis. Therefore, the status and potential of metal and semi* 
metals elemental speciation in large bioconipounds using 
ICP-MS detection is mainly focused here by revbwing re- 
ported metallo^omplexes separations using size-exclu* 
sion (SEC), ion-exchange (IE), reverse phase chromatog- 
raphy (RP) and capillary electrophoresis (CE). Species of 
interest include coordination complexes of metds with larger 
proteins (e.g. in serum, breat milk, etc.) and metallothio- 
neins (e.g. in cytosols from animals and plants) as well as 
selenoproteins (e.g, in nutritional supplements), DNA-cis- 
platin adducts and metal/semimetal binding to carbohy- 
drates. An effort is made to assess the potential of present 
trace elements speciation knowledge and techniques for 
''heteroatom-tagged'* (via ICP-MS) proteomics. 

Keywords Trace element speciation • ICP-MS • 
Chromatography - Lai^e biomolecules • Biological 
samples • Bio-inoiganic proteomics 



Spedatlon analysis evolution 

The importance of "chemical speciation*' and speciation 
analysis of trace metals [1] had been predicted more than 
20 years ago by analytical electrochemists [2]. Along the 
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years, however, this field has been continuously evolving, 
trying to cope with increasing demands for more con^lete 
ii^ormation about the particular compound (chemical spe- 
cies) whore the sought element is found in the analysed 
sample. Its importance is continuously growing, since the 
particular chemical form (species) present in the sample 
dictates the toxicity, transport and environmental impact 
of the considered metal or element. 

It is known that the interest in speciation analysis was 
initially drivm by environmental concerns: (antropogenic) 
oiganometallics of Pb, Hg or Sn had been released in the 
atmosphere* water and sediments and their toxicity posed 
a serious dueat to exposed living organisms (and human 
health). Hybrid techniques in which a powerful sqiaration 
of the sought species was coupled with an element-spe- 
cific detector (mainly atomic detectors) were soon estab- 
lished as the most realistic and potent analytical tools 
available for real-life speciation analysis [3]. 

Natural developments and application of such "hybrid"' 
techniques to obtain speciated information in environmen- 
tal issues were soon after extended to the speciation of o^e 
elements in biological material of die most varied living 
organisms. However, the complexity of chemical specia- 
tion in biological samples was greater than in environ- 
mental issues. In fact, for a given elem^t many unknown 
compounds (e.g. unidentified chromatographic peaks con- 
tainhg that element) were detected as a result of its me- 
tabolism in the living ojganism under study. Particularly 
numerous were the elemental species detected using an 
ICP*MS as die on-line detector, due to ICP-MS extreme 
sensitivity, coupled to a high-performance liquid chro- 
matographic colunm (HPLC). The mainly aqueous and 
polar nature of biological fluids explains why today the 
hybrid technique which holds the highest potential for el- 
ement speciation in biological material is HPLC-ICP-MS 
[4, 5], Of course* capillary electrophoresis (CE)-ICP-MS- 
coupled techniques also have to be considered for the pur- 
pose, although then- present applications to real-life speci- 
ation problems are rather scarce [6]. 

As we will see in the next section, trace elements play 
very important roles in living organisms. In order to under- 
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Stand &eir essentiali toxic or therapeutic functions it seems 
clear that their associations to key biomolecules (e.g. DNA, 
RNA, polypq)tides, proteins, etc) should be established. 

The IQ^-MS is today the most powerful elemental de- 
tector to '*saeen** the presence of a given element in 
known cm* unknown large biomolecules. paving the way to 
furdier studies using ^'oiganic" MS techniques (ESI-MS, 
MALDI-TOF. ESI*(MSr) and also to. biochemical meth- 
ods to f uither investigate the nature of the biomolecule(s) 
bound to that element [7, 8]. Therefore, only woik carried 
out on speciation analysis in laige biomolecules using the 
ICP-MS (for the final specific detection of the sought ele- 
ment, that we will tenn *'elanent-tagged" detection) will 
be reviewed here. 



ICP-MS analytical potential for "element-tagged'' 
proteondcs 

Many proteins and oizymes contain metals (or semi-met- 
als) and it is well established that their biological activity 
will depend on thie presence of the metal. Dioxygen trans- 
port (e.g. Fe^ in oxy/deoxyhaemoglobin), electron trans- 
fer (e.g. Fc^ in cytochromes), structural roles (e.g. TsP-* 
"fingers")* metalloenzymes (hydrolytic, redox» methylation 
or reanrangement reactions) are good examples of such 
important roles of metals in proteins [9]. Of course, metal 
ion transport through membranes further illustrates how 
knowledge of metal-biomolecule associations is needed 
to understand very important neurological and triggering 
reactions. Studies into the transport and storage of metals 
are also needed to explain the differential accumulation of 
certain metals in "target" organs (e.g. brain and bones dis- 
ord^ specifically caused by Al^ deposition [10] in such 
particular tissues). Nature has learned how to use ions as 
triggers for specific ceUular functions and to regulate gene 
expression. Communication roles for metals in biology 
are nowadays well established: Na+, K+ and Ca^* are com- 
monly used to trigger important cellular responses (e.g. 
Ca^in calmodulin [11]). Fmally, gene control by trace 
metals, as a form of biological signalling, has also been 
recognized via selective DNA binding to the adequate 
metalloproteins [8]. 

As ICP-MS is a specific detector for metals (or semi- 
metals) at extremely low levels, its synergic use with a 
previous high-resolution separation of the proteiii (or its 
complexes) offers a revolutionary analytical tool. Such 
hybrid instrumentation allows studies on metal-biomole- 
cule associations/dissociations and, in doing so, on the 
mechanisms of biological action of metals (or semi-met- 
als) in the organism. It should be stressed that the most 
versatile and used analytical techniques in proteomics are 
also **hybrid" techniques [12]. Mass spectrometry-based 
techniques play an increasingly major role in proteomics 
[13] as well as in speciation. Protein identification and de- 
termination after a high-resolution separation (e.g. 2D gel 
and capillary electrophoresis, orthogonal HPLC, etc.) of 
the corre^nding biomolecule is commonly achieved by 
MS techniques. 



bi the following sections all the work carried out so far 
on metal and semi-metal elemental speciation in large 
bioconq>ounds using ICP-MS detection will be revised. 
Of course, this approach can be further extended using al- 
ternative heteroatoms of the biomolecules to be investi- 
gated for instance, non-metals (P- or S-proteins) are start- 
ing to be investigated by ICP-MS and (his is an area of 
great presoit interest because of their enormous impor- 
tance to life and also the huge amount of biochemical 
knowledge already available. 



□emental spedation In brge biomolecules hy ICP*MS 

Metals and metalloids can be found in nature as part of 
many biomacromolecules (as detailed in the preceding 
section). In living organisms the intake, accumulation, trans- 
port, storage and activity of a given element will be 
strongly influaiced by its specific chemical form in the 
biological sample, that is to say, information on trace ele- 
ments speciation in biological samples is today mandatory 
to understand the biochemistry of metals and semi-metals 
[4, 5, 8]. As mentioned in the previous section, most spe- 
ciation studies have been approached through hybrid tech- 
niques monitoring the desired metal or semi-metal associ- 
ated to the biomolecules [14]. It is important then to re- 
view the main reported bioligands which have been iden- 
tified so far by resorting mainly to HPLC- or CE-ICP-MS. 
Three main groups of biomolecules can be distinguished: 
proteins, nucleic acids and caibdiydrates. 



Proteins and polypeptides 

This is uruioubtedly the group of metal-biomolecules more 
commonly investigated. Simple proteins are composed only 
of amino acids, while conjugated proteins are those that 
also include non-amino acid molecules in their stmcture. 
The non-amino acid group is called a prosthetic group and 
conjugated proteins can be classified (according to their 
prosthetic group) in lipoproteins Qipid), glycoproteins (car- 
bohydrate), metalloproteins (metals, in many cases cofac- 
t<»rs of enzymes), imdeoproteins (DNA, RNA) and phos- 
phoproteins (phosphate). In general terms, proteins and 
conjugated proteins are bioligands which may form coor- 
dination complexes of different stability constant with es- 
s^tial (and with toxic) metals and semi-metals [7, 8]. 
Most of the metal-bioligand complexes described are as- 
sociated with essentia] biological functions in living sys- 
tems including transport of essential elements like Fe by 
human serum transferrin [15] or Cu by ceruloplasmin 
[16). Catalytic roles (metallo-enzymes), like Zn m alcdiol 
dehydrogenase and carbonic anhydrase [17], are of para- 
mount importance. Similarly, essential elements associ- 
ated to proteins have been studied in breast milk in an at- 
tempt to assess their nutritional values [18]. 

A common feature of this type of metal-protein bio- 
compound is the well-known metal-bioligand association 
mechanism. As for other coordination complexes, the re- 
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lease of the metal from the bioligand can be described by 
the simple equation: 

ML„+nH" ^M"*+nLH 

and so the extent of the associattoii is given by the corre- 
spondmg conditional stability constant, K, in fh6 biologi- 
cal environment (i.e. the pH value and all possible com- 
petitive ligands will condition the available "free'* metal). 
Thus, the roetaUobiocompounds fonned with proteins 
(and polypeptides) induced by heavy toxic metal exposure 
in plants and animals can also be classified in this main 
group of coordination complexes. The production of me- 
tallothioneins (MTs) in animals [19] or jdiytochelatins (that 
is, polypeptides) in plants [20] by exposure to well-known 
"toxic" elements (e.g, Cd, Hg or As) is widely docu- 
mented in the literature. However, essential elements such 
as Cu^* or Zn^-^ are also strongly bound to MTs, which ex- 
plains why both detoxification and homeostatic roles have 
been attributed to MTs [19]. From a chemical perspective, 
both MTis and phytochelatins are duuracteriaaed by their 
high content on cysteme residues which provide didr SH 
groups for eventual metal binding. 

A second main group type of associations between a 
heteroatom and a protein is found in selenoproteins. Due 
to the non-metal character of Se (which mimics sulfur be- 
haviour in biocheniistry), this heteroatom can form part of 
the primary structure of the protein (i.e. Se can be incor- 
porated into the biq)olymer diain during expression of a 
given gene). In fact it is well documented that Se-cysteine 
amino acid is incorporated naturally in the main protein 
structure through the recognition in the UGA codon [21] 
(e.g. synthesis of glutathion peroxidase). Of course, in con- 
trast with the coordination-type associations, the release 
of the semi-metal from the biopolymers usually requires a 
I»eviou5 breaking down of the protein (e.g. enzymatic hy- 
drolysis). 

DNA/RNA fragments 

Although to a much lesser extent than protein and poly- 
peptides associations to metals and semi-metals, some 
work on speciation of large biomolecules by ICP-MS has 
also been reported, related to characterizing the DNA frag- 
mentation induced by the action or certain chemicals [22] 
(e.g. polyaromatic hydrocarbons, PAHs). Such woik sug- 
gested that ICP-MS could not only follow metals and 
semi-metals, but also P associated to large biomolecules 
could be monitored. Of course, in that way formation of 
P-containing oligonucleotides produced during DNA frag- 
mentation processes caused by a specific chemical com- 
pound could be followed by a P-specific detector (e.g, ICP- 
MS). Similarly the mechanisms of interaction of some 
therapeutic drugs containing elements such as Pt or Au 
with DNA have been studied. In fact, anticancer activity 
of cisplatin (cf j-diamminedichloroplatinum) is believed to 
result from its interaction with DNA. The drug reacts widi 
nucleophilic sites in DNA forming mono-adducts as wdil 
as intrastrand and interstrand crosslinks. DNA-cisplatin 



adducts are specifically recognized by several proteins and 
some speciation work has been devoted to the interaction 
between cisplatin and plasma proteins [23]. 



Polysaccharides 

Several reports have been published on As speciation in 
low molecular weight arsenic. sugars. However, very few 
speciation studies have been carried out on compounds 
formed by polysaccharides with metals and semi-metals. 
In comparison with proteins, very little is known about 
the relevance of metal binding to carbohydrates, the most 
abundant compounds in the biosphere. In any case few ex- 
amples are available [24, 25] and they will be illustrated in 
the following section of applications in plant material. 



Selected appDcatioiis 

Body fluids 

Seruni and whole blood 

It is important to note that most applications reported on 
the use of ICP-MS as specific detector for trace elements 
speciation in large molecules in living environments refer 
to human serum proteins. The majority of plasma proteins 
are glycoproteins, albumin being an exception [26]. For 

Tal>lel Major constituent proteins in human plasma in the five 
electrophoretic fractions (sq>aFaied at pH 8.6)* 

Fraction Rclaiive 

percent (%) 

Albumin 52-68 
Alpha-1 2.4^.4 
Thyroxine-bixiding globulin 
Transcoitio 

Alpha- 1 -acid glycqpiotein 
A^ha- 1 -anlitiypsin 
Lipoprotein 

Alpha-2 6.1-10.1 

Hi^itoglobin 

Macroglobnlin 

Ceruloplasroin 

Beta 8.5-14.5 

Transfenin 

Hemqiexin 

Lipoprotein 

Ganuna 10-21 

IgG 

IgM 

IgA 

IgD 

IgE 

C-Rcaciive protein 
"Adapted from icf. [26] 
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Fig.l Schematic of the cou- 
pling of liquid chromatography 
to mduciivtly coupled plasma 
mass spectremeuy (HPLC- 
ICP-MS). Diagram Idndly pro- 
vided by Agilent Technologies 




comparison, the major constituent proteins (relative per- 
centages) in human serum are summarized in T^ble 1. 
Serum, usually obtained firom whole blood by centrifuga- 
tion, is an extremely complex matrix that is normally just 
diluted in aqueous buffers for speciation purposes. 

Speciation analysis of human serum proteins has mainly 
been canied out by HPLC-ICP-MS so far. This coupling, 
illustrated in Fig. 1, is straightforward: the exit of the col- 
umn is connected to the entrance of the ICP nebulizer, the 
main precaution to be taken is to ensure the compatibility 
of the mobile phases and the ICP-MS running. The pre- 
feired chromatographic mechanisms have been anion ex- 
change (AE) and size exclusion (SEC), in order to mini- 
mize any changes in the existing species (both techniques 
allow the use of biological buffers and physiological pH 
in the mobile phases) [5, 14, 27]. Separations by size ex- 
clusion chromatography (SEC), based on the molecular 
size of the species, can be used as a first approximation to 
the molecular weight distribution of the species present in 
the biological sample. Complementary separations pro- 
viding matching results [4] are oflen needed for a separa- 
tion with the required resolution. For instance, it is known 
that SEC is not capable of resolving albumin (66KDa) 
from transfeinn (SOKDa) and so AE further separations, 
after SEC, are commonplace to solve such problems. 
When low molecular compounds are of interest, ultrafil- 
tration ^ough a lO-KDa membrane is normally used be- 
fore the chromatography is carried out on the ultrafiltrate. 

On the other hand, AE chromatography is mainly de- 
pendent on the ionic nature of the species to be separated 
and, in the case of proteins, on their isoelectric points. The 
main limitation of using AE arises from the requirement 
of drastic elution conditions (high salt concentration) in 
order to elute some of the species in a reasonable time as 
this can compromise the ICP-MS*s long-term performance 
(due to deposits on the cones, etc.). hi this sense, ammo- 
nium acetate buffers have been prefeited to perform anion 
exchange chromatography coupled to ICP-MS [14]. 

Figure 2 shows the separation of essential elements (Fe, 
Cu and Zn) in human serum proteins with a gradient of 
ammonium acetate using AE chromatography and dou- 
ble-focusing ICP-MS detection [2S]. These three elements 
have been extensively studied in relation to human serum 
proteins. The main storage protein of Fe is ferritin, mostly 
found in tissues. Wh^ is required by the body, it is re- 



leased by ferritin into the plasma where is transported by 
transferrin [26] (see Fig. 2). Cu is also transported by 
ceruloplasmin in human plasma (about 90% of the total 
Cu) and also is associated to albumin [29, 30]. Finally Zn 
is a constituent in more than 200 enzymes and in human 
plasma can be found in association to Ox-macroglobulin 
and albumin [16]. 

However, some other elements considered "toxic" have 
been also found in human serum. Thus, long-term uraemic 
patients treated by haemodialysis exhibit elevated concen- 
trations of elements such as Al, Cr or Pb in plasma and Al 
and Cr are associated to transferrin fractions [31]. This 
protein binds about 90% of the total Al present in human 
serum [32, 33] and die remaining 10% has been found in 
low molecular weight fractions (<10KDa) and character- 
ized by ES-MS as Al-citrate complexes [34]. Cr and Pb 
have been also explored in haemodialysis patients and 
workers exposed respectively. Cr has been identified in 
transferrin fractions while Pb has been mainly associated 
to ceruloplasmin [35, 36] and to a lesser extent, to an 
unidentified protein of about 600 KDa. In the oythrocytes 
of exposed workers, Pb appeared to be boimd to a main 
species of about 240 KDa [35]. 
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Fig. 2 Chromatogiam of the dcihcnls associated to human serum 
proteins (Fb, Cu and Zn) separated by anion exchange chiomatog- 
raphy and detected by double-focusiqg ICP-MS (lesolving power 
3.000). The mobile phase consisted on an ammonium acetate gra- 
dient at physiological pH. Reproduced from Saripgo Milfiiz C 
(2001) J Anal At Specurom 16:587, with permission 
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Affinity chromatography is also a widely used separa- 
tion mechanism for the isolation of proteins in biological 
fluids. In this mode» the separation is based on specific m- 
teractions of some proteins with certain molecules (bio- 
specific iigands) which are immobilized into an Agarose 
solid phase. Since the interactions with the stationary j)hase 
are protein-specific, this separation mechanism is more 
commonly used as purification process of a single protein 
from a mixture and no applications in (he literature of the 
on-line coupling of such separation to ICP-MS detection 
has been found yet. However^ this has been the preferred 
separation mechanism used for the isolation of certain 
Se-proteins. The purification of Se-protein P in human serum 
has been accomplished by metal-ion affinity chromatog- 
raphy and off-line ICP-MS detection [37]. The fraction 
containing the Se-protein P has been further charact^ized 
by polyacrylamide gel electrophoresis (PAGE) obtaining 
two isoforms of the protein. Glutathion peroxidase and se- 
lenoproteinP have been found in rat serum by means of 
SEC-ICP-MS [38]. However, recent literature has de- 
scribed the presence of more than lOSe-containing pro- 
teins whose functional characterization has not yet been 
discovered [21]. 

Finally, some studies have also illustrated the associa- 
tion of precious or semi-precious metals complexes with 
human serum proteins due to the extensive use of these 
complexes as anti-tumoural drugs. Cisplatin, carboplatin 
and some other Ru complexes have been employed to treat 
different tumours. However, the activity of those complexes 
can be extremely different when associated to a certain 
protein. The experiments performed by SEC-ICP-MS, in- 
cubating the cisplatin drugs with serum, showed evidence 
of association of the drug to a serum molecular fraction of 
60KDa[23]. 



Milk 

Fractionation techniques of metals ia milk are now needed. 
The distribution of essential and toxic elements among the 
different fractions of milk (fat, caseins and serum) is a pre- 
vious step to the study the panicuiar chemical forms in 
which they are present in each fraction. Multi-elemental 
distribution patterns from human, cow and formula milks 
have t>een compared [39]. Total elemental distributions in 
skimmed milk and/or whey milk samples are obtained after 
removing milk fat and/or caseins by ultracentifugation. Re- 
sults in whole and skunmed milk showed also that essential 
elements (including, Mg, Mn, Fe, Zn, Cu and Se) could 
also in part (about 25%) be associated to the fatty fraction. 

The elemental distribution observed in human milk 
was significantly different to that observed in cow or for- 
mula milks [39]. After separation of caseins, less than 
40% of Ca, Mn, Fe, Se, Zn and Cu were present in serum 
of cow and formula milk samples. Toxic elements (i.e. Al, 
Pb, Cd) in cow and/or formula milk samples were associ- 
ated to caseins. Essential elements found in human milk 
serum amounted to about 70% of the total in milk, proba- 
bly due to the comparatively lower level of caseins pre- 



sent in human milk than in the other oiulk types. The next 
stq), the identification of the possible chemical species in 
which an element is found in each milk friiction has also 
been undertaken. The Jairgest interest so far is focused on 
trace element speciation of Fe, Cu, Zn and I and also toxic 
elements (mainly Al, Pb and Cd) distribution and specia- 
tion. Usually SEC separation techniques coupled to ICP-MS 
detection has been used [18, 40, 41, 42]. 

In order to minimize interactions between the column 
and the labile metal bound to the bio-organic compound, a 
size exclusion column (SEQ is preferred in milk whey. 
Copper in human milk and raw cow milk appears to spread 
ovct many bio-compounds from high to low molecular 
weights [18]. The main two peaks seem to appear one in 
the high molecular region (>180kDa), associated to im- 
munoglobulins and caseins residues, and other at 94kDa, 
in the senun albumin and lactoferrin region. In formula 
and UHT milk whey some Cu peaks disappeared, proba- 
bly due to a denatintdisation of those proteins during the 
elaboration process. In the case of Fe, Rivero et al. [18] 
and Colli et al. [40] have described the association of Fe 
to both large proteins (>180kDa) and to low mass com- 
pounds (<1.4kDa) in breast milk. However, Bratter [41] 
postulated that in breast milk Fe is mainly bound to lacto- 
ferrin. In milk formulas tfie binding patterns turned out to 
be very different. 

Also for Zn, the distribution observed in human milk 
strongly differs from cow and formula milk. In human milk, 
zinc is spread in the fractions corresponding to lactoalbu- 
min, caseins and immunoglobulins, albumin, lactoferrin 
and also citrates [18, 40, 43]. Conversely, in cow and for- 
mula milks, Zn was found in the high molecular fraction 
region (caseins and immunoglobulins) and citrates. 

Selenium speciation by SEC in sldmmed human sam- 
ples has been carried out using on-line detection by ICP-MS 
with a hexapole collision cell and just one peak was ob- 
served at 6 kDa [42]. The distribution patterns of selenium 
species in cow, breast and formula milk have been also 
compared [41] and a minimum of five selenocompounds 
were detected in breast niilk (mass range 1 0-300 kDa). 
The soy-based formulas analysed showed different speci- 
ation profile than cow-based formula milk for selenium. 
Moreover, selenium peaks observed, in cow and soy for- 
mulas occurred at retention times quite dUfeteni to those 
observed for human breast milk. 

In the case of Ca, a small fraction of the total calcium 
is bound to bioJigands of the medium molecular region 
(39 kDa) [43], while in cow milk and formula milk Ca is 
mainly present in casein micelles. 

Iodine in milk whey was present as iodide and as traces 
of unidentified organic iodine compounds (>100kDa) (44, 
45]. 

The natural distribution of S, P and Br in human skimmed 
milk sample has also been rq)orted [42]. There is some S 
detected in larger proteins (>150kDa) but it mosUy occurs 
at 36 kDa, while P and Br appeared associated to low mo- 
lecular weight proteins. 

It is interestLig to note that toxic elements in milk whey 
seem to be associated to high molecular mass compounds 
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Fig, 3 Schematic of on ''to- 
house** Interface to couple cap- 
illary electrophoresis to ICP- 
MS using the high efficiency 
nebolizer (HEN) 




(e.g. caseins and immunoglobulins), being absent in (he 
non-proteic fractions [40], 



Urine and amniotic fluid 

It is well known that urine is a complex matrix with high 
saline concentration, containing also low molecular mass 
organic molecules (below ISkDa). Metals monitoring in 
urine provides information on the balance of essential el- 
ements and on possible exposure to toxic ones (e.g. As, 
Cd, Hg, Pb). In addition, the chemical form in which they 
are present is of great importance to elucidate its metabo- 
lism and detoxification processes. Although most research 
performed on metal speciation in urine concerns small 
molecules, metal speciation of metallothioneins (MTs), has 
also been reported for Cd in urine by Sanz-Medel's group 
using "vesicular" HPLC-ICP-MS [46]. The main cad- 
mium q>ecies found in basal urine seem to be similar to 
rabbit liver MT-L 

Human fetus grows up swallowing and inhaling a urine- 
like fluid called amniotic fluid. This fluid is absorbed by 
gastrointestinal tract and transferred to fetal blood. Since it 
was established that Fb can cross the placenta and was de- 
tected in fetus tissues and anmiotic fluid, it is important to 
know the bioavailability of the Pb in amniotic fluid. Hall et 
al. [47] showed that Pb was mainly bound to a Zni)eptide 
(SkDa) with antibacterial activity and ceruloplasmin. 



Animal tissues 

Probably the more investigated bioligands for toxic metal 
ions in vertebrate animal tissues axe metallothioneins (MTs). 
Also» it has been suggested that the concentration of so- 
called metallothionein-like proteins (MLPs) in marine in- 
vertebrates might serve as a biomaiker of metal pollutants 
in aquatic environment [19]. Speciation analysis of MTs 
and MLPs by HPLC coupled to ICP-MS seems to be ade- 
quate for detecting metal-biomolecule complexes in cyto- 
sols from animal tissues [48. 49, 50. 5 1. 52, 53]. The ma- 
jority of such studies concern the speciation of Cd, Zn and 
Cu in kidney [54, 55, 56], liver (46, 49, 57, 58, 59. 60. 61 , 
62, 63, 64] and brain [65] of manunals (rat, rabbit, bovine. 



humans) or tissues of bream [66], carps [67], eels [68] and 
mussels [69, 70, 71]. MT isoforms have been separated 
by size SEC, anionic exchange-HPLC and reverse phase 
(RP)-HPLC chromatography. 

Capillary electrophoresis has great potential for the 
separation of metallothionein isoforms and sub-isoforms, 
differing only in a few amino acids, and speciation using 
CE-ICP-MS as been published by monitoring S and Cd, 
Zn, Cu in MTs [6. 48, 60, 72]. The major problem in cou- 
pling C£ to ICP-MS is the interface design. A number of 
interfaces with concentric modified nebuliser [73], ultra- 
sonic nebuliser [74], high efficiency nebuliser [75], mi- 
croconcentric [75, 76, 77] and cross flow nebuliser [78] 
have been applied to the speciation of metals bound to MTs. 
A typical interface used in our group, CE-ICP-MS, is il- 
lustrated in Fig. 3, while Fig. 4 shows some typical elec- 
trophoretic results using such a hybrid technique for spe- 
ciation of Cd metallothioneins [75]. 

Advantages and limitations of quadrupole (Q), double- 
focusing (DF) and time-of-flight (TOF) mass analysers 



H4Gd 




1000 



Fig. 4 Separation of metallothionenins Osofonns i and 2) by 
C&ICP-MS. AWarez Llamas O et al. (2002) J Anal Al Spectrom 
17:655, with permission 
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Fig. Sa-c New trends in spc- 
ciation: s^aratlon of Cd-fne- 
tanoihionein isoforms by a 
SEC wiih LTV and ICP-MS dc- 
IccUon, b rcvcrscd-phasc ICP- 
MS of the main Cd-conlaining 
species ehited by SEC c ES- 
MS of the peak labelled as / 
and 2 in the RP-HPLC-ICP- 
MS chromatogram. Repro- 
duced from reference Pdlec K 
et aL C2000) J Anal At Spec- 
trom 1S:1363, with permission 






for multi-elemental speciation of metallothioneins have been 
reported [49]. Polyatoniic interferences could be avoided 
by working at medium resolving power in a (DP) ICP-MS 
and this instiument was proposed for accurate MT quan- 
tifications by isotope dilution analysis [64, 79]. A stable 
isotope ratio measurement (»^d/''^Cd) has also been 
proposed for the determination of oxidized MTs in bio- 
logical samples [80]. 

Figures illustrates with a typical example the new trends 
in speciation analysis to identify/contirm the bioligands 
associated to the hetCToelement of interest. The inidal 
separation by SEC with UV and ICP-MS detection of 
Cd-metaliothioneins in rat liver is shown there. Figure Sb 
shows that Cd-containing species found are further sepa- 
rated and controlled by RP-HPLC-ICP-MS. Fmally, the 
most intense chromatographic peaks O^belled as 1 and 2 in 
the RP chromatogram) are eventually identified by ES-MS. 



Plant material 

Studies on plant material, in terms of the presence and as- 
sociations of trace elements with large biomolecules, are 
mainly related to phytoremediation processes (a technol- 
ogy to clean-up polluted sites from contaminants such as 
Se, Cd or Pb). l\vo major heavy-metal binding compounds 
are known in plant cells: phytochelatins (p^ddes, PCs) 
and metallothioneins (proteins, MTs). Both bioligands are 
cysteine-based metal ligand systems, but with a different 
biochemical origin and very different molecular weights: 
PCs have molecular weights in the range 200-3,000 Da 
and MTs are about 6-8 KDa [20]. Very few studies have 
been carried out on the characterization of PC or MT as- 
sociations to metals usii^ ICF-MS detection. The scarce 



published work in this field used SEC as separation mech- 
anism and ICP-MS for the detection of the element asso- 
ciated to the corresponding PC [81, 82]. The analysis of 
plant extracts (extracted using IHs-HCl at pH 8) of Silene 
cucubalus and Agrostis tenuis revealed the presence of 
multiple complexes, from PC2 to FC4 and also the pres- 
ence of higher molecular weight species. Further charac- 
terization of the involved peptides has been attempted by 
electrospray MS [83). Recent studies have been also car- 
ried out on the speciation of Ni in the latex of a hyperac- 
cumulating tree (Serbetia acuminata) by HPLC and CZE 
with IC:P-MS detection [84]. The evaluation of the ex- 
tracts by ES-MS showed the presence of a Ni-nicotianamine 
complex (0,3% of the Ni extracted) and mainly a Ni-cil- 
rate complex (99.4% of the Ni). 

Foodstufif of plant origin contains also high concentra- 
tions of polysaccharides of which the potentially nega- 
tively chaiged oxygen functions can bind cations. In com- 
parison to proteins, very little is known about these com- 
pounds and some studies have been performed in order to 
characterize diem in fresh fruits and vegetables [24]. Most 
of this work has been done by means of SEC as separation 
mechanism to estimate the molecular weight of the ele- 
ment-biomolecule association. The study concluded that 
die Pb, Ba, Sr, Ce and B were associated to the high mo- 
lecular polysaccharides fraction (>50kDa), whereas Zn, 
Cu and Mg eluted with low molecular mass, non-carbohy- 
drate compounds [24]. 



Nutritional supplements and food 

The vast majority of studies in the area of elemental spe- 
ciation in nutriticma] samples have been devoted to sele- 



nium speciation [8S]. The knowledge of the nature of the 
selenocompounds produced by yeast grown in a selenized 
nutritive medium is paramount in terms of its nutritional 
value. A critical step in such speciation analysis is the ex- 
traction of trace selenocompounds firom the solid. A soft 
extraction with water or roedianol led only to 10-20% se- 
lenium recoveries, ^ile extraction with or sodium dode- 
cyl sulfate solution or proteolytic enzymes led to recover- 
ies of 40 and 80%, respectively. Size exclusion chromatog- 
raphy was used to separate selenium species present in the 
different yeast extracts and showed that about 75% of 
yeast selenium was bound to high molecular mass com- 
pounds (proteins, nucleic acids or cell walls) or present in 
water-soluble proteins [86]. 

Fish accumulate important amounts of selenium and 
constitute an important dietary source of element. Size ex- 
clusion chromatography coupled to ICP-MS was used to 
study the soluble selenocompounds in fish, showing large 
differences among selenocompounds preset in different 
fish species [87], 

Nuts could be used as Se supplements because high 
levels of Se have been found in nuts. The elemental dis- 
tribution among different fractions (liquid extract, low 
molecular weight and protein fraction) and Se speciation 
has been reported in different types of nuts [88]. 

Hnally, fractionation of soluble species of P, Mn, Fe, 
Co, Ni, Cu, Zn, Se and Mo in pea and lentil seeds with 
SEC-ICP-MS was reported recently [89). Chromato- 
gnq)bic profiles of both matrices turned out to be similar 
for all elemmts, except Mo. Most relevant applications of 
ICP-MS as detector in large biomolecules speciation as 
summarised in Table 2. 



A ftunyaird bok into ''heteroatom-tagged'' 
SB^edation analifsis 

A natural trend of the present popular use of I(7-MS to 
investigate speciation in metal-containing biomolecules is 
to extend its application to •*screening" certain semi-rael- 
als or even for the presence of non-metals in those mole- 
cules. The ability of ICP-MS to monitor a given isotope 
(and element) with great sensitivity and specificity could 
be advantageously exploited in studies of biomolecules 
containing S, P, Br or Si heteroatoms. 

There are already some illustrative examples of the ap- 
plicadon of S-tagged ICP-MS speciation for volatile spe- 
cies with CC (90, 91] and for larger molecules using HPLC 
pre-separation [69]. Phosphorous has been proposed as 
the tagged element for quantitative detenmination of DNA 
adducts by HPLC-(HR) ICP-MS [92] and for the determi- 
nation of phosphoprotdn phosphorylation degrees by cap- 
illary liquid chromatography-ICP-MS [93, 94]. The same 
authors have reported recently the use of the above tech- 
nique in a typical proteomics search to identify phosphor- 
ylation sites in kinase-type proteins [95]. 

Interfacing laser ablation with ICP-MS for the direct 
analysis of proteins separated in electrophoresis gels has 
also been proposed using Co-tagged speciation [96]. Sim- 
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ilarly P-tagged laser-ICP-MS detection was used to ascer- 
tain the presence of phosphorylated proteins on electro- 
phoresis gel blots [97]. This laser-based technique has 
proved to be useful for selenoproteins speciation as well 
[98]. Even continuation of some pending studies of Si 
binding to proteins [99] could be now envisaged by Si- 
tagged HPLC-ICP-MS in a similar manner to that de- 
scribed by GC-ICP-MS [100]. 

In short, specific heteroatom-tagged investigations can 
now provide great advantages in proteomics (it has been 
proved by now for metal/semi-metal-biomolecules), as 
they can give complementary information to that obtained 
so far using common molecule-selective detectors (e.g. 
molecular absorption, fiuorescenoe, IR, NMR, MS, etc). 

In particular, proteomics research via hybrid techniques 
with ICP-MS on-line detection could benefit from impor- 
tant ICP-MS features, including: 

1 Extreme sensitivity. New "unknown** proteins, or their 
transladonal modifications, present at extremely low 
levels could be unveiled by ICP-MS muJti-elemental 
detection in the separated biocompounds. This would 
lead to further characterisation studies (e.g. by applying 
"molecular" MS techniques, such as MALDI-TOF, ESI 
(MS)",etc.) of the detected compounds [7] . 

2 Easy coupling to classical biochemical separations. Im- 
munotechniques [101] and other powerful and popular 
biochemical planar separations such as PAGE can be 
coupled to ICP-MS for final ''heteroatom-tagged'* de- 
tection via laser ablation [96. 97]. 

3 Multi-elemental capabilities. Synergistic biological ef- 
fects by several elements, for example, Hg and Se in se- 
lenoprotein P [102] or Ag, Cd, Hg and Se in selenopro- 
tein P [103] or the effect of Se in Cd-metaliothioneins 
speciation [104] could be easily investigated by study- 
ing their multi-elemental speciation simultaneously. 
ICP-MS capabilities are often spoiled in present speci- 
ation work and multi-elemental detection should be en- 
couraged whenever possible for biological issues. 

4 Isotopic detection. Many metabolism and nutrition stud- 
ies could be conducted in vivo in human beings, as pre- 
sent radioisotopes in vitro experiments could be safely 
extended using enriched stable isotopes. Perhaps clas- 
sic radiometric biochemical techniques (e.g. with -^^P) 
widely used to study P-mediated biochemical reactions 
such as post-translational phosphorylations [101] could 
be now complemented/replaced by non-radioactive sta- 
ble isotope ICP-MS alternatives. 

Exploitation of heteroatom-tagged speciation analysis for 
proteomics could also offer great advantages from a quan- 
titative stand-point At least two useful aspects can be fore- 
seen: fixst, the direct use of available inorganic elemental 
standards for protein determination at extremely low con- 
centrations in a very fast, on-line manner (hybrid tech- 
nique) [100]; secondly, more accurate quantifications of 
such biocompounds (again at very low levels) can be at- 
tempted by adequate exploitation of speciated isotope di- 
lution analysis (SIDA) [105, 106, 107], recenUy extended 
to multi-labelled multi-species SIDA techniques and demon- 
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Table 2 Most relevant applications on the use of ICP-MS as detector in large bbmolecules speciation 



Sample 


Elemeni 


Separation mechanism 


Buffer . , 


Ref. 


Biological fluids 








Serum 


uu, en 


SEC: Superose 12HR 


0.1 M Tris-HCl buffer+2.5 CaCl, (pH 7.4) 


[16] 


Serum 

■ 


Fe, Cu, Zn 


AB:Mono^HR 


Anunonium acetate gradient (0-250) 
in 50 mM Tris-HCI{pH 7.4) 


[28J 


Serum 


Fe, Cu, Zn, Mo, Se 


ODS chemically coated with 


0.2 mM Tns-HCl-K).2 mM CHAPS (pH 7.4) 


[30] 










Serum 


Fe, Cu. Zn, Ca, Or, 
Mn, Pb, Se. Sr. 


AE: Mono-Q HR 


Ammonium acetate gradient (0-250) 
in 50 mM Tris-HCl (pH 7.4) 


f31] 


Serum 


Al 


AE: Mono-Q HR 


Ammonium acetate gradient (0-250) 
in 50 mM Tris-HO (pH 7.4) . 


[33] 


Serum and 


Pb, Fe, Cu, Zn, Mg 


SEC: TSKG3000SW 


100 mM Tris-HCl (pH7.2) 


P51 


erythrocytes 






Serum 


Cd,Cu,Fe, Pb.Zn 


SEC: Synchropak GPC 300 


100 mM Tris-HCl (pH 6.9) 


[36] 


Serum 


Se 


Off-line heparin sepharose-Co 


1 M ammonium formate (pH 4) 


[37] 


Rat serum 


Se 


SEC: GS 520 


50 mM Tris-HCl (pH 7.4) 


[381 


Serum 


rt and Ru drugs 


ocL: irogel iSK UjOUU 


30 mM Tris-HCJ (pH 7.2) 


[23] 




• AE* TSK-ed DEAE 


Acetic flrtri ornHipnl /f^SOO mM^ 








m 10 mM Tris-HCl (pH 7.4) 




Human cow 


Fe, Cu. Zn, Mn, Sr, I, 




. 0.1 M Trts-HCl (pH 7.0)> 


[18] 


and formula 


Br, Ca, Mg 






nuiK 








Human milk 


Ba, Bi, Cd, Cu, U, 
Mg, Mn, Mo, Pb, Sr, 


SEC: TSK G 3000SW., 


0.10 M HEPES 0.08 M NaCl (pH 6.8} 


[40] 










Tl, Zn 








Human breast 


Fe, Mn, Cu, Co, Zn, 


SEC: 


0.1 MTrls-Ha(pH7.1) 


[41] 


milk, infant 


Se, Mo, Cd, Pb 1, Br, 


Shodex Asahjpak GS 6520 HQ 




formula 


P.S 








numannuiK 


Mg, (Ja, Cu, re, Mn, 


SEC: TSK 0 super 2000 


50 mM Tns-HCl 0.05% NaKjCpH 7.0) 


[42] 




Ni, Zn, Cr, Se, Mo, S, 






P, Br 








Human milk 


AI, Ba, Ca, Cd, Co. 




U.JU M Illirsd U.Uo M jNaCJ ^111 lAJ) 






Cr, Cs, Cu, Fe, Li, 


TSKG4000SW., 






Mg, Mn, Mo, Nj. Pb, 










Olt lit V, £M 








uni ana iresn 


1 


AC* m/wmv AC i>( 
Ac: iJiONsA Ao-l4 


3.J mM Na^uUs l.iJ mM NaiicUj 


I44J 


milk 








Milk flnH 


1 
1 


SEC: Superdex-75 


30 mM Ttis-HG (pH 7.0) 


[45] 


infant 




Superdex-200 




formulas 








Urine 


Cd 


AO* J^C/vBOIr W 


B: 200 mM Tris-HCL (pH 7.4) 


l*»OJ 


Amniotic fluid 


Pb, Cu, Zn 




luu mM 1 ns-nCJ u.i ^ j^ropanoj 


n 'J 


Animal tissues 










Rat liver, 


Cd,Cu,Zn 


RP: Microboxe Vydac C. 


A: 5 mM acetate in water (pH 6), 


[501 


kidney 




CE: 100 cm 


B: 5 mM acetate 50% acetonitrile (pH 6) 








12 mM Tris-HCl (pH 7.5) 




Rat liver, 


Fe, Cu, Zn, Se 


SEC:AsahipakGSS20 


50mMTris-Ha(pH7.5) 


[54, 


kidney 




55] 


Pig kidney 


Cd 


SEC: nurmacla Superose-12 


0. 12 mM Tris-HCL (pH 7.2) 


[56] 


Rabbit liver 


Cd,Cu,Zn 


AE* DRAB ^PW 


A* ^ mM TrijuHr*! rnH 7 4) 

B: 200 mM Tris-HCl (pH 7.4) 


f461 


Mouse liver 


Cu, Zn, Se,Fe 


SEC: AsahipakGS 520 


50nM'nris-HCl (pH7.4) 


[57J 


Rabbit liver 


Cd.Zn 


RP: Micfobore Vydac Q 


A: 5 mM acetate (pH 6), 


(58) 






B: 5 mM acetate 50% methanol (pH 6) 




Rabbit liver 


Cd 


RP: Microbore Vydac C; 


A: 5 mM acetate (pH 6), 


[59] 






B: 5 mM acetate 50% acetonitrile 




Rat liver 


Cd,Cu,Zn 


SEC: Superdex 75 


30 mM Tris-HCl 20 mM mercaptoethanol 


[60], 






RP: Vydac C, 


A: 5 mM acetate (pH 6), 








B: 5 mM acetate 50% acetonitrile pH 6 





Table 2 (continued) 



Sample 


Element 


Separation mechanism 


Buffer 




Rat liver 




SEC: TSK G 3000SW 


25 mM lYis-Ha (pH 8.0) 


[61] 






AE: Shodex Asahipak 


A:2mMTris>Ha(pH7.2), 








BS-502 N7C 


B: 50mM Tris-HO (pH 12) 




Bovine liver 


Cu, Zn, Mn, Fe, Cd, 


SEC: TSK gel G 3000SWxl 


50 mM Tris-HO 0.05% NaN,(pH 7.3) 


162] 




S, P. Mo, Co, Ca, Mg 




Rabbit liver 


Cd 


AE: DEAE SPW 


A: 2 mM Tris-HCl (pH 7.4), 


163) 








B: 200 mM Tris-HCl (pH 7.4) 








Momo Q HR 5/5 


A: 4 mM Tris-HCl (pH 7.4). 








B: 250 mM Tris-HCl (pH 7.4) 




Rabbit iiver 


Cd 


RP: VydacC, 


A:2mM Tris-HQ (pH 7.4), 


164] 






B: 2 mM Tris-HCl (pH 7.4). 50% methanol 




Human brain 


Cu, Zn» Cd, Pb, Ag 


SEC: Supcrdcx75PG 


20 mMTris-Ha (pH7.4) 


[65] 


Rrftflm hrnfn 


Cu Cd 2n 


RP* PimKnheie C. 

IV* • » lUUdUJlMjD wig 


A: 30 mM Tris-HCi toH 7 0). 


[66] 




B: 30 mM Tris-HCl (pH 7.0) in acetonitrik 




Wlup llVCSf f 


Pii 7n 

VrU, £M 


KTiC* TKK i>el O 3000SWXL 


10 mM Trk-HCl TdH 7 4^ 


1671 






AE:DEAE5PW 


A: 2 mM Tiris-Hu (pH 7.4), 










B: 200 mM Tris-HCl (pH 7.4) 




Eel liver 


Cd 


Vesicular**: C,| modified 


A: 2 mM Tris-HCl (pH 7.4) 1 mM DDAB, 


(68) 






by BDDA 


B: 200 mM Tns-HCi (pn 7.4) I mM ul^Ao 




Mussels 


Cd,Zn.Cu 


A£: Momo Q HR 5/5 


A: 4 mM Tris-HCl (pH 7.4), 


(69) 




B: 250 mM Trls-HCl (pH 7.4) 




Mussels 


Cu. Zn, Ca, U,Ni, 


SEC: SephadeA G-75 


10 mM Tris-HCl 5 mM, 2-mercaptoethanol 


[70] 




Mo, Mn, Cr» V. Cd. 


0.1 mM phenylmetnyJsuiionyJ iluoricie 






AJ Sb Fe Sn Pb Co 




25 roM NaCI (pH 7.4) 






Hg. Ag 








Mussels 


Al, Cu.Cd, Zn.V, 


SEC: Sephadex G-75 


10 mM Tris-HCl 5 mM, 2-mercaptoelhanoJ 


(71] 




Ct, Sn, U. Ag.HgPb, 


0.1 mM phenybnethylsulfonyl fluoride 






Sb,Co.Mn,Mo, Ni 




25mMNaCl(pH7.4) 








AE:MomoQHR5/S 


A: 4 mM Tris-HQ (pH 7.4), 










D» mivi ammomiun aceiiae 










4 mM Tris-HCl (pH 7.4) 




Rabbit liver 


Cd. Cu,Zn 


CE150 cm, 75-}imID 


20 mM Tris-HCl (pH 7.1) 


[73] 


Rabbit liver 


Cd. Cu Zn 


CB 12 an, 75-jim ID 


20 mM Tris-HCl (pH 7.8) 


[74] 


Rabbit iiver 


Cd, Zn 


CB 61 cm, 75-pm CD 


20 mM Tris-HCl (pH 7.4) 5% methanol 


[75] 


ivaDuli liver 


CA C*n 7n 


K^D i 1 Mil JV*|U11 »u 


20 mM Tris-HCl irM 7 8) 


[761 


Rabbit liver 


Cd, Zn 


CE 1 10 cm 50-)un ID 


CA mXji ur^i /nU o i\ 

mM iris-tiui vpn 9. J; 


n7i 




Cd Cd Zn 


CB 100 cm 50-iim ID 


50 mM Tris-HCl (dH 9.0) 


[78) 


rabbit liver 








Rat tissue 


Cd, Cu,Zn,S 


CE 70 cm 75-pm ID 


20mMT^is-HCJ(pH 7.4) 


[79] 


Plant material 










Plants 


Cd 


SEC: Superdex peptide 


•sn vrr^i /_tT O c\ 

30 mM Tns-HCl (pH e.^) 


loll 










Plants 


Cd,Cu.Zn 


SEC: Eurogel GFC 


lu injYi auujioiiiunj accioic VF-^ ' / 


r821 


Tree 


Ni 


SEC: Superdex Peptide 


5 mM ammonium acetate (pH 6.8) 


leij 






HR 10/30 










/^C «wit T^-nm ¥f^ 
L.t& /v Cm, / J-pzn LL' 


5 mM ammonium acetate (pH 6.8) 




NutritSonal supplements and food 








Yeast 


Se 


SEC: Superdex 200 HRlO/30, 


30 mM Tris-HCl pH 7.0 


[86) 






AE: Hamilton PRP-X 100. 


A: 6.25 mM ammonium phosphate pH 5.5. 










B: 25 mM ammonium phosphate pH 1 1 








RP: ODS-2 


0. 1 % 1FA 2% methanol 




Fish 


Se 


SEC: Superdex 200 HR 10/30 


20 mM Tris acetate 0.15 mM ammonium 


187] 






acetate pH 7.5 




NuU 


Se 


Superdex HR 10/30 


50 mM ammonium acetate pH 4.5, 0.02% SDS 


[88] 


Seeds of 


P. Mn,Fe,Co,Ni, 


Superdex 75 HR 10/30 


20 roM Tris-HCl pH 7.5 


[89] 


legumes 


Cu, Zn, Se, Mo 


Superdex Peptide HR 10/30 
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strated for sediments and biological tissues in our labora- 
tory [108. 1091. 

In brief, so far ICP-MS has proved to be an invaluable 
tool for the "screening" of the presence of metals in bio- 
molecules even at extremely low concentrations. However, 
such new metal (or "^element-tagged*') biopolymers, un- 
veiled by ia>-MS, should then be identified and con- 
firmed by "molecular^* MS techniques [5, 7]. Integration 
of "atomic" and "molecular*' MS studies, for example us- 
ing HPLC-MS (TOF) and HPLC-ICP-MS on-line via 
flow splitting [1 10], will grow in the future. 

Moreover, in order to unveil and understand the bio- 
logical roles of metal compounds, typical biochemical tech- 
niques and methods should be applied from now on. In 
this vein, gene cloning, protein expression and purifica- 
tion with final characterisation of the expressed biocom- 
pound should be aimed at [7]. Cross-fertilisation and co- 
operation with organic chemists, biochemists and biolo- 
gists seems unavoidable at this stage. 

This "holistic" approach seems to be in the horizon of 
present chemical speciation which will soon become bio- 
chemical speciation (in order to be able to elucidate the 
role of metals in health and disease). Notwithstanding that 
trend, however, the very first step triggering such holistic 
research process is today to be able to detect new metal- 
biomolecules, likely using ICP-MS "on-line** detection. 
Moreover, "heteroatom-tagged" ICF-MS, as a favourable 
"marker** of certam biomolecules, will compete or com- 
plement other biochemical techniques and so play a key role 
in future proteomics research. 
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